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Abstract 

A Lamllloy c»xnbustor liner has been desi,ined, 
fabricated and tested in a cf’mbustor at pressures 
up to 8 atm^ispheres . The liner was tabricated ol 
a three layer Lami I lov structure and designed to 
replace a conventional step-i.Hiv<r iiner. The 
liner will be used in a combustor that provides t>ot 
gases to a turbine coolini; test facility at pres- 
sures up to uO atnv'spheres The L«imi I loy liner was 
tested extensively at K wi r pressures and demon- 
strated lower metal temperatures than the conven- 
tional liner, wlille at the- sare time requirin»; 
about 40 percent less cool me air f li'w Tests con- 
ducted at combustor exit te-mperatures in excess ol 
2200 K have not indi-.aleO anv cool iiv or durability 
problems with the I^amilloy liner. 

In troduct ion 

This paper will describe the desicn, intended 
use and preliminary results obtainid 1 rom Ci'mbustor 
tests usin^ a liner constructed ol a semi t r ansp i ra- 
tion cooling material (lamilloy). The design of 
the 1 inei and the application ot the L*iniilloy mate- 
rial will be discussed Hie results ot tests con- 
ducted at loi pressurt- (S atm), but lilgh combustor 
inlet and exit tempt rat ures will be presented. flu 
future application ot this liner and test program 
will ulst) be coveted. 

The trend tot gas turbine combtistors is tttward 
hlEh exit li-mp« r Jtui es at increasing compressor 
prcssuie r.itio.s. Tbe need toi combuslot liners to 
be durable tiiuler Ibe-.e conditivtns b.is .ilw.ivs been a 
problem i)t paramount import ance. \i, pressure .ind 
temper.iture levels have mi leased, tin- availability 
of excess .lir tor iiuieasi'd liner 1 i Im looling lias 
declined In addition, ttie recent reqiiiremint by 
the Environment I’rotiiti.'n Agency (K.l’.V) to Cctnliol 
engine emissions lias .‘.everelv attecled tbe airtlow 
distribution m combustors.^ .More etteitivi liner 
cooling, sebemes aie iii-eded as the availability ot 
• Ir for liner cooling ilecr»-ascs. 

Transpiration cooling ot liners is a technique 
that has the potciiti.il to maintain low liner wall 
temperatures with reduced air t low rates. In the 
past, porous r.ietal or wire structures have been 
used. These '.lave not always exhibiti-d the dur- 
ability required due to plugging ot the very small 
passages with dirt and the gradual oxidation ot the 
surface metat, reducing the t low area. An alter- 
native approach has been taken by the Detroit Diesel 
Allison (DDA) Division ot General Motors with a 
material they call Lamllloy. Tliis material con- 
alsts of two or more layers ot metal, bonded togeth- 
er. Air enters from one side through regularlv 
spaced holes, flows through small etched passage- 

*Laml 1 1 oy IS a registered Trademark of the General 
Motors Ci'rpor.it ion, I04-* West Grant Blvd., Detroit 
Mich., 48202. 


ways to holes m the n<*xt laver ot metal and ciin- 
tlnues this process until the air ixits thtouc.h 
regularly spaced holes on the tlame side ot th.e 
liner. Tlie liner is cooled by a ci>mb mat i on oi 
ettects, the air passing through the liner .ind tlie 
exit air acting as a tilm. Since the material sur- 
lace IS only partially covered by film air, this 
approach may be thought ot as semitranspi rat ion 
cooling. 

The NA.'^A U'wis Research Center is presently 
constructing a High I’ressure Fa.ilitv (HFK).“ Hits 
iacilitv will have the capability ot operation .it 
pressures up to »0 atmospheres. There' will le .i 
combustor test leg and a turbine test leg in this 
facililv. The turbine test leg will consist ot a 
complete single-stage turbine asstmblv, using a 
water brake to absorb tbe turbine power. The com- 
bustor, installed upstream of the turbine, has the 
requirement to produce exit temperatures up to 
2S00 K at a pressure ot -^O atmospheres and an mUt- 
alr temperature ot 845 K. The ability ol cor.viu- 
tional step-louver desipied liners to perform .it 
these conditu iS is doubttal. Liner lite mav l-e 
quite short and liner d.image mav be accompanied 
hv turbine d.im.ige. A L.imtlloy liner might provide 
the durability required at this severe operating 
cond i t ion . 

Consequently, such a linei was disigned amt 
fabricated by DDA tor use in this tiiility This 
paper will present the results that h.ive been ub- 
t. lined during the low piessure testing, ol this 
1 1 ner . 


' Liner Cool ing .X.lv.inces 

As indicated previously, coiit imiiiie. dem.iiuts 
are being placed on the availahilitv v'l c.'mhu-tor 
Imei cool mg, .md dilution air tiows. .Advances in 
liner cooling lichnologv c.iii providi .simiu- ifli«‘l by 
being .ihli to m.iintain existing liiur iin-t.il I eai- 
per.itnres with decre.ised cool me. all llow. this is 
graphU.ilIv represented in tigure 1 which lOr.p.ites 
convent ioiial liner cooling technoK>)-.v with .idv.inced 
appio.ulies Ivpitied hv Lamilloy. The d.iia shi'wn m 
this ligute were lumished by DDA and is based on 
their experience with various types ot lin*-i cool- 
ing methods. Ilie tigure ri-lates the amount I’t 
cooling air required as a tunction ot the cooling 
effectiveness, • The cooling el tect iveiiess is 
def ini d as : 

^fl.ame '^wall 
'•c • T - T 

wall coolant 

In figure I, the region between the two lines, fi’m 
cooling and t ranspirat ion cooling, is the region 
where advanc'd cooling technology results in le- 
duced cooling air flow requit emeiU s . 
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Llnct Pf»litn 

Thf Ijiratlloy liner was Jos t icnoJ to be an iJen- 
tlcal replacement tor a convent linral liner, Jes- 
Ignateil as iiner A, oi the turbine rin e.wbiistor. 
Flltute »ia) is a oross*seet lona I sketch ot the Ciwri- 
bustor showing; the contour ol liner A. The liner 
!• ol a conventional step-Kniver tvpe aiul was «le- 
■ Iftnecl to withstanJ th« opet.it ini; conditions stu'wii 
In table 1. rhls liner has underptone exieiistve 
trattnri to exit t empe i at u i es in excess ot ,’JOO K 
with no app.iient dai.iaxe oi deter lorat i.'ii lK»wevi-r, 
CesttnK has been limited to pressures up to .•* .itm*.'- 
apheres . There is concern th.it at hi.ther pressures 
and heat t luxes, this liner mipilit evenluallv cracx 
and pieces would be thriiwn into the turbine. i\'m- 
pared to convi*nt ii»nal aircratt eii,;i:i»' liners, the 
■etal of this liner is quite thl.x, beinc, labri- 
cated ol 0.20 centimeter thick liastellov X mate- 
rial. Tlie c.Miihustor ciMisists ol tw.' c.iiiientric 
annuli ol .ilrbl.ist tuel in|ectors These intectiirs 
arc a derivative ol the otlKin.il .swiil-caii mtslule 
and theii perlorm.in.e h.is been di'cumented in a 
variety ol appl ic at ions As with most i.snbus- 

lors of this tvpe, there are no dilution air holes 
in the llnei. All air except that requited tor 
linei CcHilinK passes directly throiiqh the array ol 
fuel injectors. 

All liners desiKned lor use in this c.subustor 
were designed t i the spec I I I . a t l oils stu'wn in table 
1, Tlie ciMiditii'ns shown in tabU- I are quite strin- 
gent and the liw ava 1 1 .ib i 1 1 1 v ot coi'liiip’, .iit m.ikes 
the linet desipn very ctitlc.il. Since tins com- 
bustiii is to be used tcir turbine cocilinc, rc'sc‘.irch, 
it was disiiable to opetate c'ver a veiy wide t li'v. 
ranp.e This is indicated bv tlie vat i al> i 1 1 1 v on the 
flow l.ictoi which was specilied as part ol the de- 
sign requ 1 1 1 'lnents . 

At the hlphest I low fac tor .ind opeiatiiiK pte.s- 
aure, the sv tem pressuie diop w.is to be lOpeicint . 
At this loiidilion, a pres.sure lo.idinK ot 0.2-»l MPa 
(l‘).2-e psl) is applied to tlie liner. 

TTie meeh.inic .si des i pn ol the Uimlllov liner is 
aliosni i.eliem.it ic .il ly In lipule -’tb). Tills liner 
Cisnpletely duplicates thi' contoui i»t the' step- 
liMivet linei. PlKuti' I is a sc heni.it ic re »r*'si*nt .i- 
tion ol Ihe ptinciple ol l,imillov. iXoIiik a i r 
enteis the linei thiouKh lioles .ind p.iss s u'lween 
the met.il l.iyers throne.h etched p.iss.iKe '.le . . lliis 
ait t.H eviiitii.il ly conducted tlitoiiph •>ne mel.il l.iver 
to till- next bv holes. llie prcHess is tepi-ated 
until the .III leaves the liner on the I 1 .line side. 
Cooliiip. Is acliieved prim.irilv bv convection witliin 
the liner, thouKli there m.iy be si>nM' ci'oline, due 1 1 > 
the exitinp an providinp, a tilni b.iri let to lie.it- 
Inp.. The desipii chosen used three layers ol mate- 
rial each O.O'iO.'t centimeter (O.OJO in.) thick. The* 
■ election ol these* dimenstcins was based on recent 
experience in tabricaCiiiK ciMiibustor liners tor a 
variety c'l app I ic.it ions . A l.irqe Imle si/.e was 
aelccted to allc'w passape ot torelKii matetial in 
the combustion air throuph the liner. Consider- 
able material is in the cc'mbustion air supply but 
this is usual I V a very tine iron oxide powder 
(rouge) wliich shcnilJ easily pass thrcnigh the liner 
without plupgiiiK the pass-ige. In HPK, the air is 
flltoreci prior to compress icni to -lO .itmospheres , 
ao no large particles slunild be present. 

The heat transter analysis was periormed at 
the maximum operating condition as shown in table 1. 


The analysis assumed that the average temperature 
close to the liiel in|ectors was .'11)0 K, hut the 
temperature Inrther downstie.im was si oi ch lome t r l c 
or 2bS0 K. Maximum hot spot lempeiatures were also 
assumed to be s 1 1 ' i c h i .*me I r l c I empe r a t iii •■ . The CiXn- 
biistor piessure loss an.l liner dittere-ili.il pn-s- 
suie were based upon c.i I cii 1 at ic*ns .in. data supplied 
triMT tests eondii, ted with CcMivent i c’li.i 1 tilm-cooled 
liners. ihic e ihe an.ilvsis h.i.1 deteimined tlie te- 
quiied cooling t lux and pressure dic'p d i s 1 1 i hu t i cMi . 
the I.imillov perm.-ih i I 1 1 v could bi- d<-termined. The 
permeability, expiessed as Jisch.ir.-.c* coe i t i c i eii' s , 
lot required tlc'ws is shown in ligiiie .. Kigiiii- . 
also sliows the Cc'etticienI values ot the threi- pi-r- 
meahililtes selected and tlu- liner Un.-.tli ovei 
wfiich these values applv. Tlie Highest penre.ih i 1 i t v 
was used in the tiansicii*n regic'u as this region 
requires th«- grealest coc<ling. 

The material selection was based on the 
tol lowing l.ietcMs 

• llie.h tempei.itnre oxidiation resist. nice 

• Buckling lesisl.ince 

• high modul'is I't el.isttc'itv 

• High tempetalure slreiiglh 

• Kase ot I ahi 1 c at icin ' r> pa I r 

Ot these, high t empel at ui e stlength and «'xl- 
dat ion resistance were judged u* hi- c’t gi«-.iti-st 
impoi l .nice in this .ii'p 1 i c a I i c*n . H.istellov 
Havnes 1 H.S .md TO N i c ke I - I'hrome ni.iteii.il.-. ».t«- 
ev.i lii.ited . H.ivnes l.*ib w.is -.i- 1 i'c‘ t c-d Ic'i usi- .i-. it 
has hi-tter h i c.h t empe i .it ure stiength th.in H.isit-llov 
X without the .litticult t ah t i c . 1 1 I on .ind welding, 
I'roblems ot TO N icke I - iTironie . 

The lineis underw«*nt cons i der .ih I e rtress .ind 
buckling, .in.ilv-.is. Ulu-ie appi opr i .i t e , I mitt- .-le- 
ment stress .iii.ilvsis w.is used The bucklim- .iii.ilv- 
sis le-l to the coiuliision Ih.il live -i I 1 1 t en i lie 
iiiijs well- reqiiiie.l on iht- outer line I .iiid these 
were addetl to tin- I met at the positions indi..ile.t 
by analysis. See tieiires 2(h) and >(h). 

Till est iiii.it ed lile ol the I-iinillov linei w-.is 
ea I CII I It i-d using, the ,s t r.i i n- 1 i t e ciirvi-s h.ised on 
the woik ol M.iii-.oii ’ S 1 1 .i l n- I i 1 1 - cuives weie .le- 
veloped lot a v.iiietv ot m.iti-ii.il propoilio-. .uid 
siilt.iii- eiMiditions 1 hi* I i-sii 1 1 s indie. iti- tli.it .i 
I met lile ol lO'l lioiiis is .ich I ev.ib 1 e b.ise.l on le- 
dtici-d iii.lltii.ii I'lojieilies and .1 not c he. I suit.iie. 
llio use ol iiic-.iii m.ileii.il ptoj'erties irsli’.id c't - 
projieitii's iiuri-.ises linc*r I i 1 1 - to ‘*1)0 lic*iiis. lliis 
IS h.isi'd tin .1 thenn.il cvcle l.ilc* c'l lUU- cvcle j»ei 
hour. A.ld 1 1 1 011 . 1 1 large me re.ises iii lite .lie c.il- 
cul.ited bv .issumiiig smooth t.ilher th.in notchi-d 
iii.i t e r 1 . 1 1 . 


Fabr teat Ion 

The liner is comj'osed ot a serit-s of I.imillov 
shcets welded together. ITie seams bc-tween .id i.icent 
sheets are arranged to be at an angle to the t low 
so that there is alw.ivs an air tilm t K-w c'ver the 
narrow weUi u'lnt. llu- liner ring pc'rtions, cc'm- 
posed ot Uimilloy ot v.irving penne.ibi I i tv weie hv- 
drotcirmed to the proper sh.ipe .ind ihi-n welded to- 
gether to tonii the ccxiiplete liner. llvclrot oriiing 
was necessary, tatlu-r than sj'mning, bec.iiise ot 
the parClc'iilat linet geometrv chosen tor tins com- 
biistc’r. A less convoluted liner Cc’uld probablv 
be spun, which is a s imp I er^ ^at ic'n procedure 
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thdn hyJrolorntn^; . Hie t inlthed llnt-rs Jn* sh»>wn 
In ftKutf S. Kl> 5 uro i{j) shows Ihi- inner liner 
sntl figure S(b) shows the miter liner. The 
stlftenlng rings c.in be clearly seen in t igure 
5(b). 


Results anJ Discussion 

For the first test, the liner was p.iinted with 
• temperature indicating paint, as shtseii in tigure 
5. The first test was to be very bt lei and color 
changes in the temper.iture indicating paint would 
locate liner hot spots and positions wliere tlienno- 
couples would be Installed to monitor tuture tests. 
TTie first test was conducted at an inlet-air pres- 
sure of 7.1 atmospheres, inlet-air temperature ot 
895 K and an average combustor exit temperature ot 
1700 K.. The test time was onlv about 10 minutes, 
long enough to ensure that the paint would undergo 
the appropiiate color changes . When examined alter 
tills test, both the O.D. and l.l). liners were uni- 
formly the same color with the exception ot some 
slight color ditierontial in narn’w regions at each 
weld Joint. The color change indicated that the 
hottest portions ot the liner were onlv abc'ut ISO K 
above the inlet-air temperature. Hie remainder ot 
the liner showed onlv a unitorm color indicative ot 
very low thermal gradients. It was apparent that 
this test was not severe mough to pinpoint ar-'.is 
other than liner weld joints where thermocouples 
should be located. Tlieretore, the liner was cleaned 
and repainted with tem|>erature indicating paint 
preparatory for a test at higher comhustor exit 
temperatui es . In addition, three thermocoup les 
were installed on both the 0.1). .ind I.D. liners. 
Tlicsc thermocouples were pl.iced in liner weld 
Joints between Lamillov panels (see tig. o) The 
operating conditions for chi.s test were inlet-air 
pressure ot 7.9 atmospheres, inlei-air lemjiei .itiire 
of 895 K and combiu.tor average exhaust tenn'er.if nr e 
was varied upwards 1 rcxii 1700 to 1 5 K in si'vet.il 
steps. Substunti.il ci'lor ehanges wiTe oht. lined 
tills time and tigure 7 shows the liner with iso- 
thermal lines on the surtace. Figure 8 is a plot 
of the readings ol the O.D. and l.l), liner thermo- 
couples at the two cimihnstor exit temperatun s . 

Two test points were iibtained the iitst at .in 
average exit temjierature ol 17 19 K to coniirm with 
t hermoeouples the tem|>or.itiires indicated hv paint 
In the previous lest ami second a t 'Sl at 2215 K 
average exil temper.iture to lorce pronounced color 
changes in the p.iint. As shown in tigure 8, the 
liner lem('er.itures at the lower ci'iiilius lor exit tem- 
perature are generally in agreement with those tem- 
peratures indicated by the paint. Tliat is, the 
weld areas were at least 180 K hotter than the 
Inlet-air temperature. At the higher comhustor 
exit temperature, tile I.D. liner hot spot was about 
285 K above the inlet-air temperature or a metal 
temperature ol 1180 K (lno5" F). The results ob- 
tained with the outer liner are shown In figure 
8(b). Two thermocouples on this liner l.iil-'d 
during the higher combustor exit temperature test. 
TTie outer liner tended to operate slightly hotter 
than the inner liner, but as before, the hottest 
region Is the c><mbustor exit portion ol the liner. 
The maximum indicated temperature was 180 K aV’ove 
the Inlet-air temperature or a metal temperature ot 
1275 K (1810° F). 

Figure 9 compares the performance of the 
Lamttloy liner widi that ot a conventional stej> 
louver liner at virtually identical operating 


conditions As be tore, the results arc shew*i as 
metal temperature minus Che tnlet-air temperatuie 
along the length ot the liner Tlie distribution ol 
cooling air is s igni f leant ly tiiitereni tor the two 
lineis which accotinis tor s>sne cH the observed 
differences. Ttio ami'unt ot cooling air was also 
different tor die two liners and this is listed In 
table II. A ciMuparlson ot the two inner liners, 
tigure 9(a), sh,<ws that the step- louver limi gener- 
al I v has as high a metal temperature as the Uimi 1 Inv 
liner in spite ot 100 percent greater cooling air 
flow. Tlie thernwicouple in the l.am i 1 lov liner, .it 
the 7.3 cent i!-eter position, is installed in a i unc- 
tion ot iwo w ils . This may ac count tor the nigh 
metal temperai res ot the l^imillov liner at this 
upstieam position. Hie outer liner comparison is 
shown in tigure 9(b). At the lower exhaust gas tem- 
perature, the step-louvet metal temperatuie was 
somewhat lowi-r than the t.amllloy, the step-louver 
liner cc>oling aii t low is about oO percent greater. 

.As the exliaust gas temperature increased, the 
step- louver lliu'r metal tenipeuture increased at .i 
greater rate than that ol the L.imillov liner. fer 
ex.imple, at the 19 to 20 centimeter position when 
the- exhaust gas average temperature increased tr>mi 
1719 to 2215 K, the Lamllcy temperature incieasetl 
onlv 1 10 K while the step- louver liner tempt rat-.ir- 
increased 220 K. To date, duiabllity ot both die 
Lamillov and the step-louver liners has been ex- 
cellent. There has been no indication ol sepaiation 
ol the metal layers in the Uimillov liner. Iron 
oxide dust (rtHige) m the combustion air h.is not 
been any problem and there is no evidence ol i ini r 
tlow restriction in spite ol the amount of maCei i il 
in the ait stre.im. The step- louver lineis h.ive been 
extensively used, ac cumu la t i ii)-. minv hours and lest 
cycles. These liners are also in excelUnt ci'ndi- 
tion shiiwing no evidence ot ci.i.king or tenilencv 
tor warping th.it might reduce t i lin- coo 1 ing . 

Cone 1 ud i ng R em.irks 

In tests conducted to dat.i, the Lamillov liner 
shows tvery iiulic.ition ol being able to widist.iiul 
the high ciimhustor gas t einperalii res and mainc.iin 
jcceptabli- w.i 1 I - temperatu i e levels whiK- tennirin-t 
less cooling air than a more convent lona I ly de- 
signed step- louver liner. The test progr.im .it the 
8 atmsopiiere jiressure level is nearly complete. 

The comhustor and the Lamillov liner will he tested 
in the High i’tessure Facility at pressure levels up 
to 40 atmospheres. 
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TAHU 1. - LAMIUa'Y LlNy.R PES ll'.N RK'l' IRl MI NTS 


NUKinnim opouttni; oonJttion 


Inlrt-4ir t omppt .itvii o , K '♦00 

Inlcl>4ti |M cMaui !■ , 4tm , . •«0 

Coml'iixtor «'\it .ivoruco ti'mpfi 4turo , K ... .’">00 

Syktom (Moskuto il 1 1 1 orcnt 1 4 t , pnoont ... 10 

Mkxtaiiiro nu'lul t o.iipoi 4iu 1 1 - , R lilO 

DoktlfJ Itti'Cinio 4t muMimim opiT4(l itl 

conklitton, 1 ) 1 . . UH) 

Alti<w4Mo cooIiuR 4ti flow r4to, porvfut 

(Pcicoiit ot to_l4l tlow) IS- JO 

w \ T 

Flow tkctoi, , I4UCO, Ri; »oo, K, 4tiu . . 

P 
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Figure 1. - Relative cooling performance of film cooled 
and transpiration cooled combustors. 



Id) Step louver liner. A. 


Figure Z - Cross sectional sketch of high pressure combustor 
test section with combustor liner. 
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Figure i. - Sketch of lamilloy construction and air flow path. 
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Figure 4. - Lamilloy permeability selection. 
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Figure 6. - Axial position o( thermocouples installed on Lamilloy liner. 
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(a) INNER LINER. 

Figure 7. - Lamilloy liner with temperature indicating paint after test to 
2215 K average exhaust gas temperature. 
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Figures. - Lamilloy liner temperature, as 
indicated by thermocouples, obtained 
during tests at two combustor exhaust 
gas temperatures. Inlet-air temperature. 
895 K. combustion pressure. 7. 9 atm. 
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(b) OUTER LINER. 

Figure 9. - Lamilloy and step-louver liner temperatures 
obtained by thermocouples at similar operating condi- 
tions. In let -air temperature, 895 K. combustion 
pressure, 7.9 atm. 



